The improvement of crop yield has been endeavoured for centuries; whereas traditional breeding strategies have achieved this, until recently transgenic approaches to yield improvement have generally been less successful. In this mini-review, we discuss metabolic engineering strategies specifically targeting energy metabolism as a strategy for yield enhancement.
Introduction
Problems associated with environmental deterioration and the world population explosion mean that improving plant productivity is now of unprecedented importance [1, 2] . For many crops, yield is the primary trait in breeding programmes; however, until recently, our understanding of the molecular mechanisms underlying this trait was relatively rudimentary [3] .
The ability of plants to convert solar energy into biomass is of immense importance since the very survival of both photoauxotrophic and non-photoauxotrophic organisms depends on this process. Although the process of domestication of crop species has led to huge increases in productivity, this has taken many generations and has come at the cost of narrowing the base of genetic diversity [4] and has generally occurred without an improvement in leaf photosynthesis [5] . Recently, a number of biotechnologically based approaches utilizing transgenic methods have been attempted in order to enhance photosynthesis and/or growth in heterotrophic organs. In parallel, the development of marker-assisted breeding strategies has recently allowed the identification of quantitative trait loci controlling tomato fruit size [6] and tomato agronomic yield (i.e. soluble solid contents [7] ). These traits have been recently linked to the gene [8] and even the nucleotide [9] which confer them, highlighting the potential of harnessing wild germplasm in breeding strategies for crop improvement.
In this mini-review, we will concentrate on attempts using transgenesis that target improvement of either heterotrophic or photosynthetic carbon metabolism. Focusing largely on genetic manipulation of Solanaceous species, we will take as case studies starch accumulation in the tuber and photosynthate production in leaves. Whilst these strategies were initially conceived as metabolic engineering strategies intent Key words: crop yield, energy metabolism, metabolic engineering, metabolic regulation, Solanaceous species, transgenic approach.
Abbreviation used: AGPase, ADPglucose pyrophosphorylase. 1 To whom correspondence should be addressed (email fernie@mpimp-golm.mpg.de).
on modifying carbon partitioning [10, 11] , they resulted in significant changes in plant performance at least under the conditions tested; here we review these studies in the context of other approaches reliant on transgenesis and provide a perspective for future research in this field.
Heterotrophic carbon metabolism and yield
Since the widespread adoption of transgenesis approaches 20 years ago gave rise to the discipline of molecular plant physiology, much information has been obtained concerning the regulation of plant metabolism, which is a prerequisite for predictive metabolic engineering [12, 13] . In the case of the potato (Solanum tuberosum) tuber, nearly all of the genes directly involved in the sucrose to starch transition, which constitutes the predominant pathway of tuber metabolism, have been cloned [12] . A huge range of transgenic lines exhibiting alterations in the activities of the constituent enzymes have also been created. However, although these studies invariably provided a rich source of information concerning metabolic regulation in the tuber, very few were successful from a biotechnological viewpoint. The exceptions to this statement are the increases in starch yield that were obtained by the overexpression of an unregulated bacterial AGPase (ADPglucose pyrophosphorylase) [14] or the Arabidopsis amyloplastidial ATP-ADP translocator [15] , and the antisense inhibition of NAD-dependent 'malic' enzyme (malate dehydrogenase) [16] or the plastid stromal isoform of adenylate kinase [17] . Attempts have also been made to improve starch accumulation by the production of a more efficient pathway of sucrose degradation, consisting of either a yeast invertase and a bacterial glucokinase [18, 19] or a bacterial sucrose phosphorylase [12] . Even though in both approaches the transgenic tubers exhibited higher levels of hexose phosphates than wild-type tubers, these attempts led to decreased starch accumulation. This is intriguing, because hexose phosphates and 3-phosphoglycerate are the immediate precursors and the activator of the AGPase reaction respectively. Detailed biochemical analyses of these transgenic lines including standard spectrophotometric assays, IR gas analysis and GC-MS analysis [19, 20] revealed that both transgenics were characterized by an induction of glycolysis, a massive sucrose cycling and a dramatic shift in partitioning of carbon into respiration. The exact reason for this dramatic metabolic shift remains unknown; however, it seems likely that this is at least in part due to the energy demand that is placed on the cell by the elevated rate of sucrose cycling. The recent generation of transgenic lines in which the transgene is expressed under the control of an inducible promoter allowed the dissection of primary and secondary effects of this manipulation [21] . While this study was not able to establish the cause of the decrease in starch accumulation, it did suggest that this was a secondary effect of the transformation, since when the tubers were allowed to develop normally, there was no observable change in starch levels following transgene induction. In a separate study, it was demonstrated that the tubers exhibiting constitutively enhanced sucrose mobilization had decreased internal oxygen concentrations with respect to the wild-type [22] . These studies highlight that, in spite of our structural understanding of the sucrose to starch transition, we lack a fundamental understanding of the complex interactions that occur in the regulation of this and other pathways [23] .
Returning to the successful attempts, of the four mentioned above, in only one case, the antisense inhibition of the plastid stromal isoform of adenylate kinase, was the increased starch yield coupled to an increased tuber yield [17] . In the case of the amyloplastidial ATP-ADP translocator, starch accumulation was enhanced to levels that were 150% those of the wildtype but the tuber yield was mildly compromised, whereas the overexpression of the unregulated AGPase resulted in a similar increase in tuber starch yield (and even higher increases in other tissues tested) with no yield penalty [14] . However, it is important to note that when the unregulated AGPase was overexpressed in a second potato cultivar, by an independent research group, no increase in starch synthesis was observed [24] . The antisense inhibition of NADdependent 'malic' enzyme also resulted in increased starch levels (up to 145% of that observed in wild-type) with no change in tuber yield [16] . The antisense inhibition of the plastid stromal isoform of adenylate kinase, however, resulted in increased adenylate levels, an enhanced starch accumulation and an enhanced tuber yield -combining to give a starch yield per plant that was double that observed for the wild-type [17] . While the exact mechanism underlying this phenomenon remains a mystery, our working hypothesis is that the plastidial adenylate kinase predominantly operates in the ADP forming direction in vivo and as such competes with starch synthesis for ATP (see Figure 1) . In keeping with this hypothesis, when we measured the free amino acid pools of these transgenics, we observed that these were also markedly increased -especially those whose biosynthesis bears a heavy ATP cost. To test the general importance of this enzyme in plant metabolism, we identified and charac- terized a T-DNA insertional mutant in the Arabidopsis homologue of this gene [25] . This mutant entirely lacked transcription of the homologue and had a mild reduction in the cellular adenylate kinase activity. A combination of green fluorescent protein-based cellular localization studies and plastid isolation and subsequent biochemical assays revealed that the gene was the true homologue of the potato gene we had worked on previously. This plastid stroma adenylate kinase gene was found to be expressed tissueconstitutively but at much higher levels in illuminated leaves. Phenotypic and biochemical analysis of the mutant revealed that it exhibited higher amino acid biosynthetic activity when subjected to light and was characterized by an enhanced root growth. When the mutant was subjected either to continuous light or continuous dark, growth phenotypes were also observed in the shoots. While the levels of adenylates were not much altered in the leaves, the pattern of change observed in the roots was consistent with the inhibition of an ATP-consuming reaction. Taken together, these results suggest a role for the plastid stromal adenylate kinase in the co-ordination of metabolism and growth, but imply that the exact importance of this isoform is tissue-dependent (see Figure 1) . Despite not understanding the precise mechanisms involved in the above studies, when taken alongside trait mapping [26] they provide a deeper understanding of metabolic regulation and therefore an improved rationale for metabolic engineering.
Other recent examples of enhancing yield in heterotrophic organs include the overexpression of a modified form of the large subunit of maize AGPase in wheat [27] and the seed-specific overexpression of a potato sucrose transporter in pea [28] . In the first example, a form of the large subunit of maize AGPase that had been modified such that it had decreased sensitivity to its negative allosteric effector, orthophosphate, was transformed into wheat. The resultant transformant lines displayed on an average 38% more seed weight per plant than the wild-type. We attribute the increase in yield to be due to an increased sink strength that would be expected to occur on enhancing starch biosynthesis. However, as noted by Jenner [13] , the interpretation of results from transgenesis experiments must be made with caution particularly in cases where cofactor pools are directly (or even indirectly) affected, since these impact on many areas of metabolism. This argument essentially advocates the thorough phenotyping of transgenic plants, especially if they give an unexpected or unwanted primary phenotype, in order to learn as much as possible before embarking on further genetic manipulations [29] . A second recent example in non-Solanaceous species that warrants discussion is the manipulation of sucrose transport capacity in pea [28] . In this study a potato sucrose transporter was expressed under the control of the vicilin promoter, and seeds of regenerant plants were found to have twice the sucrose transporter activity compared with that of the wild-type and a coincident increase in biomass gain by intact cotyledons. This study highlights the importance of temporally controlled expression, since the overexpression of a spinach sucrose transporter in potato using a tissue-constitutive promoter had no effect on potato tuber yield [30] . However, it is also possible that this was not an effect merely of the tissue in which the transporter was expressed, but also due to the fact that these plants were demonstrated not to have been characterized by an elevated rate of photo-assimilate fixation.
Photosynthetic carbon metabolism and yield
One of the major determinants of crop growth and yield is believed to be photosynthetic carbon metabolism [1, 24, 31] ; however, to date very few molecular approaches aimed at improving the efficiency of this pathway have proved successful. Those strategies that did work, to date, generally involved the expression of cyanobacterial enzymes in higher plants. The expression of fructose-1,6-bisphosphatase/sedoheptulose-1,7-bisphosphatase [1] in tobacco and ictB, a gene involved in HCO 3 accumulation, in tobacco and Arabidopsis [32] resulted in increased photosynthetic rates and growth under normal and limiting carbon dioxide concentrations respectively. A recent report showed that the overexpression of the gene otsA from Escherichia coli, encoding trehalose phosphate synthase, resulted in elevated rates of photosynthesis and growth in tobacco leaves [33] . Interestingly, however, none of the successful strategies described above has been the result of alterations in the levels of the endogenous plant proteins. As part of an ongoing project to determine the role of the tricarboxylic acid cycle in the illuminated leaf, we comprehensively phenotyped the Aco1 mutant of Solanum pennellii [34] , as well as Solanum lycopersicum plants in which the mitochondrial malate dehydrogenase was repressed via antisense of RNA interference techniques [2] . Biochemical analysis of the Aco1 mutant revealed that it exhibited a decreased flux through the tricarboxylic acid cycle and decreased levels of tricarboxylic acid cycle intermediates, but was characterized by elevated adenlyate levels and increased rates of both carbon dioxide assimilation and sucrose synthesis. In addition, although it must be borne in mind that S. pennellii is a green-fruited species bearing very small fruits [35] , these plants were characterized by a dramatically increased fruit weight. While these data are in close agreement with those from other researchers [36] in hinting that the importance of the respiratory pathways is much greater than once imagined, they came as somewhat of a surprise given the supposed relative inactivity of this pathway in the illuminated leaf [37] . Our studies on the mitochondrial malate dehydrogenase antisense plants revealed that decreased activity of this enzyme in the elite cultivated species S. lycopersicum also resulted in enhanced photosynthetic activity and aerial growth rates as well as a mild accumulation of carbohydrates and a large increase in the level of ascorbate [2] . Intriguingly, in these lines the capacity to utilize L-galactono-1,4-lactone, the terminal precursor of ascorbate biosynthesis, as a respiratory substrate was elevated. Studies by Foyer and co-workers suggest that this enzyme is physically coupled to the cytochrome pathway [38, 39] , which could explain its up-regulation in the transgenic lines which were characterized by a depressed flux through the tricarboxylic acid cycle. Re-analysis of GC-MS chromatograms of the Aco1 mutant revealed that this was also characterized by elevated ascorbate levels, leading us to speculate that ascorbate is an important signal that co-ordinates the major pathways of energy metabolism in the illuminated leaf (see Figure 2 ). Much is known concerning the importance of ascorbate in photosynthesis. Ascorbate acts in the Mehler peroxidase reaction with ascorbate peroxidase to regulate the redox state of the photosynthetic electron carriers and as a cofactor for violaxanthin de-epoxidase, an enzyme involved in photoprotection [40] . The ascorbate redox state has also been demonstrated to control guard cell signalling and stomatal movement [41] , as well as the expression levels of both nuclear and chloroplastic components of the photosynthetic apparatus [42] [43] [44] . Thus when these functions are considered with respect to the phenotype described for the Aco1 mutant and the malate dehydrogenase antisense plants, it is apparent that ascorbate represents a strong link between respiration and photosynthesis. While the exact mechanism by which this is achieved is currently unclear, the fact that short-term feeding of ascorbate was shown to elevate the assimilation rate demonstrates that the effects of ascorbate are rapid and thus may not require changes in gene expression. When considered alongside the recent demonstration that several enzymes of the tricarboxylic acid cycle are redox-regulated [45] , this finding makes it tempting to speculate that the major pathways of energy metabolism are tightly regulated by redox factors including the cellular level of ascorbate. The results of the studies described above were largely in contrast with previously reported increases in photosynthesis, which seemed to be more conditional on light conditions. For example, the increased rate of photosynthesis following the overexpression of maize sucrose phosphate synthase was found only under saturating light and carbon dioxide [31] , whereas plants expressing the cyanobacterial ictB gene displayed higher rates of photosynthesis only under limiting conditions [32] . Other studies worthy of note are the attempts to introduce C 4 -like photosynthesis into C 3 plants. While the introduction of single C 4 enzymes into plants has not so far resulted in an improvement in photoassimilate partitioning [46] , it has been reported that the combined expression of two C 4 enzymes in rice resulted in a 35% increase in photosynthetic capacity and a 22% increase in grain yield [47] . In addition, the overexpression of a cyanobacterial fructose-1,6-bisphosphatase/sedoheptulose-1,7-bisphosphatase in tobacco chloroplasts resulted in an enhanced photosynthesis and growth in hydroponic culture [1].
Perspective
The examples described above illustrate that it is possible to manipulate yield through the modification of metabolic networks via the overexpression or antisense repression of single genes; however, these success stories are very much in the minority. Recently, however, they seem to be increasing, as further indicated by our recent finding that genetic manipulation of pyrimidine biosynthesis also results in increased tuber yield, most probably as a result of stimulation of the rate of cell wall biosynthesis [48] . Despite the fact that these examples provide clear encouragement in our current attempts to manipulate crop yield, important questions remain largely unanswered to date. The first of these is the generality of the observed results (i.e. are they readily transferable to distantly related crop species?) and the second is the performance of these plants under high crop density conditions used in the field [3] . Only when these questions are fully addressed can we truly assess the potential of targeting single genes for yield improvement. 
